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INTRODUCTION 
When a warm blooded animal is exposed to a cold environ-
ment mechanisms are called into play which function to produce 
and conserve body heat. Under conditions of moderate cold these 
mechanisms are usually effective. If however, the cold is ex-
treme, the exposure prolonged and protection inadequate, the 
heat production mechanisms become exhausted and the heat conser-
vation mechanisms insufficient. Heat loss then exceeds heat pro-
duction, t he body's store of heat diminishes and the body tempera-
ture falls. Decreases in body temperature of one or two degrees 
are fairly common and completely compatible with normal physio-
logica l behavior. Drastic reductions in body temperature are to 
varying extents detrimental to normal function. Eventually all 
temperature regula ting mechanisms are overcome by t h e cold and 
the body tends to assume the ambient temperature. Such a state 
or condition of abnormally low body temperature is defined as 
hypothermia. 
Although accidenta l hypothermia occurs often in peace 
time, its frequency is markedly increa sed during war. Indeed, 
the incidence of hypothermia among service men during the last 
World War was grea t enough to prompt the a r med services to sup-
port research programs designed to study the abnormalities in-
volved in this pat hological state. Such a study, supported by 
the Air Force, has been in progress in this l aboratory for the 
past several yea rs. The experimentation has been ca rried out 
for the most part on the dog becau s e of its typica lly mammalia n 
a na tomy a nd physiology and because of its general availability. 
vi 
One of the more neglected aspects of hypothermia is the 
f ield of water distribution. The origina l work reported in this 
paper represents an attempt to investiga te t hi s problem. The 
object of this study was to make simple and direct mea surements 
of the various body water compartments under normal conditions 
and in the hypothermic state, in order to discover whether water 
shifts occur with bodily cooling and the magnitude of these 
shifts, if they do occur. It is hoped tha t the results help to 
fill one of the l a r ger gaps in scientif ic understanding of 
hypothermia. 
SEC.TION I 
THE NEASUREMENT OF BODY WATER C011PA.RTMENTS 
Part A. Body Water 
The animal body may be accurately considered as a com-
plicated aggregation of highly specialized cells existing ih 
a watery medium. Any part of the substance of the body must 
therefore be either intracellular or extracellular. 
The extracellular component of the mammalian body has 
several subdivisions. The two principal subdivisions are the 
interstitial phase and the intravascular phase. The intersti-
tial phase is that part of the extracellular substance which is 
found between the cells and outside of the blood vessels. The 
intravascular phase is that part of the extracellular substance 
always found within the blood vessels. In addition to the 
interstitial and intravascular phases there are several minor 
subdivisions of extracellular substance, e.g., synovial fluid, 
cerebrospinal fluid, and intraocular fluid, but these will be 
omitted from further discussion. 
Separating the intracellular space from the extracellular 
space is a semipermeable cell membrane. Between the intersti-
tial and intravascular phases is the likewise semipermeable 
endothelial va scular membrane. These membranes are selective-
as to the organic and inorganic solutes allowed to pass. They 
are, however, completely permeable to water, the universal 
medium of all bodily processes. For these reasons the compo-
sition of the three phases varies extensively but the total 
concentration of water at equilibrium is the same throughou~ 
all parts of the body. The intracellular fluid has potassium 
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as its chief cation with bicarbonate, protein and organic phos-
phate as its chief anions. Sodium is the chief cation of the 
interstitial and intravascula r spaces. Chloride and bicarbo-
nate are the chief anions of these spaces. 
Hydrostatic Pressure and Osmotic Pressure 
Transfer of fluid from one compartment to another in-
volves two types of force, namely, hydrostatic pressure and 
osmotic pressure. Hydrostatic pressure is the pressure exer-
ted by a fluid due to a mechanical force acting on the fluid. 
Thus the hydrostatic pressure within the blood vessels is due 
to the contractions of the heart. That of the interstitial 
and intracellular spaces is due to distention of the tissues. 
Under normal conditions the hydrostatic pressures of the intra-
cellular and interstitial spaces are quite small in comparison 
with the hydrostatic pressure of the blood. The difference 
between two opposing hydrostatic pressures is called the 
effective hydrostatic pressure. 
Osmotic pressure is not so easily defined. Peters (70) 
defines it as the expression in solutions of the same phenomenon 
which g ives rise to pressure of a gas and obeys comparable laws. 
A gas in a non-rig id container can relieve its pressure by 
expanding its volume and that of the container. A solution in 
a non-permeable container cannot change its volume regardless 
of pressure but, if contained in a semipermeable membrane, its 
volume will change as the solvent passes the membrane. Thus a 
high pressure can be relieved by the passing of solvent into 
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the solution. The force with which a solution so tends to 
relieve its pressure is the osmotic pressure. 
The osmotic pressure of a g iven solution is a function 
of the total number of osmotically active particles of solute 
in the solution. Osmotically active particles are those which 
are restra ined by the barrier within which they are contained. 
They are non-diffusible, unable to distribute themselves evenly; 
on both sides of a given barrier, and therefore they contribute 
to the osmotic activity of the solution. The resulting osmotic 
pressure follows the equation: 
p = n R T v 
in which: p is the pressure, 
n is the number of osmotically active particles, 
R is the proportionality constant, 
T is the absolute temperature, 
v is the volume. 
A semipermeable membrane is one which is permeable to 
solvent in every case. Degrees of semipermeability refer to 
the extent to which the membrane is permeable to solutes. Some 
membranes are semipermeable by virtue of the size of their "pores" 
in relation to the size of' molecules. The vascular ·membrane is 
characteristic of this type. It is relatively impermeable to 
protein but completely permeable to all other constituents of 
plasma. Therefore the plasma protein concentration alone deter-
mines the effective osmotic pressure across the vascular membrane. 
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Other membranes are selectively permeable to ions be-
cause of the charge on the ions in relation to the charge on 
the membrane. Cellular membranes are in general of this nature. 
Such membranes are impermeable to certain ions as well as pro-
tein. Thus the effective osmotic pressure across the cell mem-
brane is determined mainly by the concentrations of these non-
diffusible ions and to a lesser extent by the conc_entrations of 
proteins. 
Transfer of Fluid 
It is generally ac9epted that transfer of fluid across 
the endothelial vascular membrane takes place according to 
Starling 's theory. When the effective hydrostatic pressure 
across the membrane exceeds the effective osmotic pressure, 
fluid passes from the vascular to the interstitial space. In 
the reverse condition fluid passes from the interstitial space 
to the vessel. At the arterial end of a blood capillary the 
first condition is true. At the venous end the second condi-
tion holds. 
When considering the passage of fluid from the inter-
stitial space to the intracellular space, the hydrostatic 
pressure of these spaces becomes negligible. The transfer of 
fluid across the cell membrane depends solely upon the osmotic 
pressures. The effective osmotic pressure is the one measurable, 
universally active force in such transfer. 
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Part B. Plasma Volume and Red C_ell Volume 
The earliest and most direct experimental estimations 
of whole blood volume were the exsanguination studies made by 
Valentin (88) and later by Haller (47) a hundred years ago. 
Unfortunately, complete drainage of the small vessels, especially 
the capilla ries, is not possible in this relatively simple tech-
nique and gross underestimations result. More recently McLain 
et al. (63) have employed intermittent bleeding and subsequent 
saline perfusion in an attempt to extract total circulating 
hemoglobin. By dividing this total hemoglobin by the hemo glob.in 
contained in a unit volume of previously sampled blood, they 
computed the whole blood volume. Admittedly, this method is 
cumbersome, in so far as it involves the collection of large 
volumes of perfusate and many hemoglobin determinations. 
Since the early part of this century most estimations of 
whole blood volume, plasma volume and red cell volume have been 
based on the dilution principle. In essence this principle is 
as follows: A known quantity (N) of a substance is introduced 
into its diluting compartment. wnen mixing is complete and 
distribution uniform, a sample of t he compartment is withdrawn 
and the quantity of substance (n) in a unit volume of compart-
ment determined. The total volume (V) of the compartment is 
calculated from the equation V = _N_ • This principle is 
n 
also used for the estimation of total body water and of extra-
cellular space. 
Ideally the introduced substance should be: 
(a) uniformly distributed in the compartment 
to be measured, 
(b) limited entirely to that compartment, 
(c) metabolically inert, and 
(d) non-excretable. 
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Needless to say, these conditions are not completely 
fulfilled by any of the methods presently available. In all 
methods metabolic activity, excretion, phagocytosis and slow 
diffusion across the limiting membrane result in a progressive 
disappearanc.e of the introduced substance. If, however, these 
processes are sufficiently slow, the rate of disappearance will 
permit extrapolation back to zero time on a concentration-time 
graph. The theoretical concentration at zero time, the time 
of injection, is assumed to be the concentration of substance 
thoroughly mixed and without loss. 
Estimation of Plasma Volume 
Materials used in the estima tion of plasma volume are 
of two classes: 
(a) substances with molecular weights similar 
to those of the plasma proteins, 
(b) substances with a strong affinity for 
combining with plasma proteins. 
The first group is comprised mainly of substances well known 
as plasma substitutes or expanders, e.g., acacia, polyvinyl-
pyrolidone and dextran. The use of the latter two substances 
is quite new and relatively unexplored. 
The second group is comprised of various dyes and of 
radioactive iodine. Brilliant vital red dyes were investigated 
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rather thoroughly by Hooper et al. (56). They found that small 
amounts of hemoglobin, released by hemolysis, caused serious 
error in the accuracy of these red dyes. Dawson, Evans and 
Whipple (24) therefore proposed the use of a blue azo dye, ob-
tained from the reaction between orthotoluidine and 1,8 amino-
naphthol 2,4 sulfonic acid. The dye has since become known as 
T-1824 or "Evans Blue. 11 In as much as this dye 1-vas employed 
in th~ plasma volume studies to be reported in this paper, it 
may be helpful to elaborate somewhat on this method. 
~ihen injected into plasma, T-1824 attaches to albumin 
and, vrhen concentrations are very high, to globulin (72). The 
early part of the plasma dye concentration-time curve is contro-
versial. It is agreed that the curve is composed of two compo-
nents: an early mixing phase and a subsequent disappearance phase. 
The time at which the mixing phase ends and the disappearance: 
phase begins is apparently variable. In man the mixing phase 
has been reported to last anywhere from six to twenty minutes 
(37,40,66,83). In the dog similar mixing times have been re-
ported. Miller (64), however, in a careful investigation of 
the problem found that mixing was not complete in his dogs until 
forty to fifty minutes after injection. Data obtained in this 
laboratory agree vii th those of 1-iiller. 
The second part of the dye concentra tion-time curve re-
flects the rate of removal of dye from the plasma. Prescinding 
from fluid shifts into or out of the plasma, this removal de-
pends on several factors: 
(a) Chemical destruction of dye. 
(b) Phagocytic removal and excretion of dye. 
(c) Passage of dye into the lymph. 
(d) Loss of plasma albumin. 
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(a) Practically nothing is known of the possibility of chemical 
destruction of dye in the body (74). 
(b) The dye is removed phagocyticly by the reticulo-endothelial 
system (37) and appears in the bile thirty minutes a fter injec-
tion (64). It is not excreted via the kidneys, nor does it 
appear in the gastric or pancreatic juice (60). 
(c) Passage of dye into the lymph has been reported (16,19,32) 
but Miller (64) found that ligation of the thoracic and cervical 
lymph ducts in dogs does not alter the rate of disappearance for· 
five hours after injection. 
(d) Studies with radioactive iodine show that the rates of dis-
appearance of dye from the plasma and of albumin from the plasma 
are practically equal and when represented graphically, the dis-
appearance slopes are parallel (58). It appears then that 
· albumin turnover is the chief contributor to the dye disappearance 
curve. 
Average rates of disappearance of dye in man are of the 
order of 5% to 6% for the first hour (37,66) and 50% in the first 
twenty-four hours (37,60,66). In the dog , however, mean rates 
have been reported to be 8.8% (42), 20% (19) and 25% (64) during 
the first hour. Some of these fi gures are based on dye concen-
tra tion-time curves, wherein plasma sampling did not extend 
beyond sixty minutes after injection. If the series of samples 
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had been prolonged so as to cover another hour, a less steep 
disappearance slope might have been obtained. In this labo-
ratory the mean rate of dye disappearance for the first two 
hours was 4% per hour. 
Estimates of plasma volume are usually made by extra-
polation of the disappearance slope back to zero time. Suc-
cessive determinations in the same subject usually involve 
(a) successive injections, (b) .extrapolation of the tot'al dye 
concentration-time curve back to zero, and (c) subtraction of 
the dye concentration immediately before the second injection 
from this total concentration. Gregersen (41) proposed the 
use of a single determination of dye concentration ten minutes 
after injection in the estimation of plasma volume. Thus re-
peated estimates could be made with repeated injections and 
samples withdrawn just before and ten minutes after each in-
jection. This was proposed as a handy clinical technique but 
never attained widespread experimental acceptance. 
The use of albumin tagged with radioactive iodine in 
the estimation of plasma volume eliminated two sources of error 
present in the dye method; (a) loss of dye by phagocytosis, and 
(b) loss of dye before the dye has become firmly bound to albu-
min. Simultaneous determina tions by these two methods have 
shown plasma volumes to be about 5% greater with T-1824 (58). 
D+sappea rance rates and curves are, however, equal and parallel 
(58). 
Estimation of Red Cell Volume 
Red cell volume has been estimated by the dilution tech-
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nique involving the use of carbon monoxide, radioactive mate-
rials and in man, differential cell typing. 
The carbon monoxide method was first reported by Grehant 
and Quinquand in 1882 (44). In this technique labelling of 
hemoglobin may be done in vitro or in vivo by the inhalation 
of a known quantity of carbon monoxide. The rapid loss of 
carbon monoxide, chiefly via the lungs, and the large volume 
of carbon monoxide or of carbon monoxide labelled cells which 
is required have discouraged the recent use of this method. 
Ashby (3) introduced the method of differential cell 
typing. Group 0 cells are injected into a non-0 subject. Time 
is allowed for complete mixing and samples subsequently with-
drawn. The non-0 cells are a gglutinated and the remaining 0 
cells counted. The total number of 0 cells injected divided by 
the number of 0 cells per unit volume of red cells gives th~ 
total volume of red cells. The method is limited to man~ and 
requires careful cross matching and Rh typing. 
Radioactive isotopes used in the estimation of red cell 
volume include those of iron (Fe55 and Fe59), phosphorous (p32 ) 
and recently, chromium (cr51 ). In all cases, a known quantity 
of radioactivity, determined on a Geiger Muller counter, is 
tagged on to red cells in vivo or in vitro and the tagged cells 
injected into the subject. The dilution of these cells and 
their radioactivity is proportional to the red cell volume. 
Both isotopes of iron are incorporated into hemoglobin 
and, when once so incorporated, are not exchanged. Moreover, 
the time required for decay of 1% of initial activity of Fe59 
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is 310 days. For Fe55 this time is thirty-three years. For 
all practical purposes then, radioa ctivity within a given red 
cell remains constant. Disappearance of activity from the 
circula ting red cell volume depends solely on the rate of de-
genera tion of red cells. 
The use of radioactive phosphorous (p32 ) involves the 
tagging of some, as yet un_l{nown, intermediate in carbohydrate, 
metabolism. It is advised that in vitro tagging be carried out 
in the presence of glucose, as well as NaP04 and that the tagged 
cells be washed to eliminate any p32 not firmly bound within the 
cell (73). This procedure eliminates the necessity of sepa rating 
cells from plasma in the withdrawn samples. Unlike radioactive 
iron, p32 is not firmly bound within the cell. Disappea rance 
curves reported by Reeve and Veall (75) and substantiated by 
data obtained in this laboratory indica te a mean rate of loss 
of activity of 6% per hour in the first two hours. Proper 
extrapolation from a disappearance slope eliminates serious 
error due to this loss of activity. On the other hand, the 
weak beta emissions of P32 in contra st to the strong gamma 
emissions of Fe55 and Fe59 make the p32 technique much less 
hazardous and much less expensive. 
12 
Part C. Measur.ement of Extracellula r Via ter 
The physiologic i mportance of the extracellular space 
sterns from the fact that it represents the true environment, 
the "internal environment 11 in which t he body cells exist, 
function, reproduce and perhaps die. The rnaintenanc$ of a 
normal composition and adequate magnitude is therefore a 
necessity. Measurement of extracellular space is, however, 
difficult, much more difficult than measurement of its chief 
subdivision, plasma. 
Chloride, Sodium and Bromide Spaces 
The first attempt to measure extracellular space con-
sisted of histological examinations of frozen prepa rations of 
muscle (31). This, of course, was an estimate of interstitial 
space only and indicated values of 15% to 17% of the total mus-
cle mass. 
Overton (67) demonstrated tha t chloride could be easily 
removed from frog hind limb muscle by perfusion vii th isotonic 
glucose, while potassium remained behind some limiting barrier. 
Moreover, muscle immersed in isotonic glucose soon lost its 
chloride, without losing potassium (31). Since glucose could 
not enter muscle cells, it could replace only extracellular 
solutes. It was therefore concluded that all chloride was extra-
cellular. Fenn, Cobb and ~arsh (31) further observed that if 
all the chloride in muscle tissue was limited to the 15% of the 
total mass, which was suggested as extracellula r space by histo-
logical studies, then the concentration of chloride in this s pace 
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would be equal to its concentra tion in an ultrafiltrate of 
plasma. 
Accepting these conclusions, one ca n compute the chlo-
ride s pace in a given tissue from the tota l chloride in that 
tissue and the concentration of chloride in the plasma. Like-
wise, the total chloride space i n the body can be computed from 
the tota l body chloride and the concentra tion of chloride in 
plasma. The general formula is: 
F = (Cl-)t (cl-)s 
in which: (Cl-)t represents the tota l amount of cllioride 
in the g iven tissue or in the body, 
(Cl-)s represents the tota l concentration of 
chloride in t he pla sma; and 
F represents the volume of chloride space. 
Similarly, sodium was originally thought to be distri-
buted solely in extracellular water and sodium space, similarly 
computed, wa s adopted as an index of extra cellula r water. 
However, if both sodium and chloride a re ideally distri-
buted in extracellula r space then the sodium to chloride r a tio 
in all tissues would be the same a s tha t in plasma. Actua lly, 
the sod ium to chloride ratio in most tissues, expecially bone, 
cartila ge and skeletal muscle is higher than t hat of plasma, 
indicating a certain amount of intracellular sodium in these 
tissues (48,61). On the other hand, the rati o of sodium to 
chloride in the gastric a nd intestinal mucosa, s a livary glands, 
erythrocytes and connective tissue is lower than that of plasma, 
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indicating intracellular chloride (2,48,61). In spite of these 
apparent errors radioactive chloride and radioactive sodium are 
employed frequently in estimating extracellular \vater. 
Bromide, which is distributed in the tissues much like 
chloride, has also been used to estima te extracellular space. 
Obviously its disadvantages are similar to those of chloride. 
Thiocyanate Space 
In 1937 Crandall and Anderson (21) proposed the use of 
thiocyanate as an indicator of extracellular space. It has 
since become the most widely used method. Advantages include 
simplicity of determination, rapid equilibration and slow renal 
excretion. Like chloride, thiocyanate enters red cells (21), 
cells of the gastric mucosa and, in view of its large volume 
of distribution, probably other cells of the body. The method 
was orig inally proposed as a means of studying changes in extra-
cellula r volume. Even this application has been challenged by 
several investigators (59) who claim (a) that cellular permea-
bility to thiocyanate increases in certain pathological states, 
and (b) that thiocyanate space is not constant in the same animal 
under identical conditions. The pathological states enumerated 
have been limited for the most part to infectious diseases. 
Moreover, variability among animals in a g iven series is usually 
reasonably low. In a series of dogs studied in this laboratory 
the coefficient of variation was of the order of 9%. 
Inulin Space. 
In order to avoid errors introduced by the entrance of 
electrolytes into cells, the use of neutral molecules, to which 
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the cell membrane was impermeable, was proposed. The carbo-
hydrates sucrose, mannitol and inulin have been investigated. 
These present two disadvantages, (a) very difficult analytic 
techniques, and (b) rapid renal excretion. 
Mannitol and sucrose are never completely recovered in 
the urine, indicating partial metabolism, for which correction 
is impossible (26,57,80). Inulin, on the other hand, is meta-
bolically inert, since it is recovered quantitatively in the 
urine (36,79,80). However, its very rapid excretion prevents 
uniform distribution throughout the extracellular space when 
administered in a single injection. The use of inulin in the 
intact animal, or in man, therefore requires the maintenance 
of a steady infusion which compensates for renal excretion. 
Thus a constant plasma level is attained and uniform concen-
tration exists throughout the entire space. Once equilibrium 
is established a single sample of blood is withdrawn. All the 
inulin in the body at the time of the blood sample is then 
collected. The inulin space is computed by dividing the total 
body inulin by its concentration in the plasma. The time of 
infusion necessary to insure uniform distribution of inulin is 
two hours in the dog and five hours in man. Although the long 
equilibration period constitutes a practical disadvantage, the 
inulin method is theoretically the most reliable method for 
estimating extracellular space. 
Smallest estimates of extracellular spa ce have been ob-
tained in the dog with the use of inulin. Chloride has given 
the next smallest estimates, followed by bromide and sodium. 
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The use of thiocyanate has resulted in the largest estimates. 
In man, the smallest estimates have also been obtained with 
the use of inulin. The next smallest estimates resulted from 
the use of chloride, followed by mannitol, sucrose, bromide, 
thiocyanate and lastly sodium. 
SECTION II 
PATHOLOGICAL PHYSIOLOGY OF Trm HYPOTHERMIC DOG 
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Part A. General Metabolism 
In general, chemical reactions which proceed at measur-
able rates are accelerated by heat and slowed down by cold. 
According to the law of vant'Hoff the rate of an enzymatic: 
reaction increases two or three fold with a rise in temperature . 
of ten degrees centigrade. Likewise, a decrease in temperature 
of ten degrees will reduce the rate of an enzymatic reaction to 
about one half of its control rate. Considering the body cell 
as a physicochemical unit composed of numerous such reactions, 
one would expect the sum total of all chemical activity of a 
g iven cell to decrease as the temperature of the cell decreased. 
In other words, one would expect cellula r metabolism to decrease 
as cellular temperature decreases. Furthermore, since the body 
of the dog is an aggregation of individual cells, one would 
anticipate an overall depression of metabolism in the hypothermic 
dog. Vfi th qualification, one can say that this is the situation. 
The situation is complicated, however, by the occurrence 
of reflexes evoked in response to the cold stimulus by which 
cellular metabolism is increased in certain tissues. The over-
all metabolism of the dog in hypothermia is determined by the 
algebraic sum of the direct depressing effect of the cold and 
the reflex increase in activity in certain tissues. The de-
pressing effect of the cold is progressive, i.e., as body tem-
perature decreases cellular depression becomes more marked. 
For example, Brokaw and Penrod (15) offered evidence which 
suggested that liver metabolism was progressively depressed in 
the hypothermic dog . Reflex increases in activity, on the other 
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hand, are temporary. The most dramatic example of these re-
flexes is the phenomenon of shivering . Increases in metabo-
lism of skeletal muscle cells as great as 300% to 400% of 
normal can occur in the intensely shivering animal. The 
maximum intensity of reflex shivering occurring in a given 
experiment is greatly influenced by the depth of anesthesia 
under which the procedures are carried out. In fact, profound 
general anesthesia can abolish all reflex shivering (68). In· 
such cases overall metabolism shows only the progressive de-
pression due to the cold. More frequently the pattern of over-
all metabolic change consists of an initial increase, ascriba-
ble chiefly to shivering, followed by general depression which 
progresses to the animal's death. 
In the absence of oxygen debt, metabolic changes are 
reflected in changes in total oxygen consumption. Grasse-
Brockhoff and Schoedel (45) reported a temporary increase in~ 
oxygen consumption averaging 300% to .400% in the hypothermic 
dog . The peak increases were reached when the dog 's rectal 
-
temperature was 33°0-30°0. Prec et al. (71) and Penrod (68) 
reported similar findings. The latter author correlated these 
increases with observed shivering . In dogs shivering violently, 
oxygen consumption increased maximally. Intermediate increases 
in oxygen consumption were correlated with moderate shivering. 
At rectal temperatures of 23°0, when shivering had invariably 
ceased, oxygen consumption was invariably below normal. 
Hegnauer and D'Amato (51) extended these observations to lower 
temperatures and found the average oxygen consumption became 
reduced to only 15% of normal at 17°0. 
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Part B. Survival 
In a critica l review of studies dealing with the limit 
of survival of the dog in hypothermia it is most important to 
consider the possible effects of the more common extraneous 
experimental procedures. First a nd foremost of such procedures 
is the use of general anesthesia. Another is the use of intra-
ca rdia c catheters. 
Anesthesia is desirable for several reasons. The pain 
associa ted with drastic reduction in body temperature in con-
scious humans has been reported to be excruciating (1). The 
perception of pain of similar intensity must be a ssumed for the 
dog . Moreover, violent psychomotor reactions, including shiver-
ing , which a re induced by abrupt exposure to cooling procedures 
(usua lly immersion in cold water) can prevent reduction in body 
temperature for relatively long period s of time (82). 
In s p ite of the desirability of anesthesia i n these 
experiments, a definite effect of the anesthetic agent on sur-
vival must be admitted. The most detrimental action of these 
drugs in hypothermia is resp iratory depression. In the deeply 
anesthetized hypothermic dog resp ira tion invariably ceases a t 
a rectal temperature 5°-10°0 higher than that at which cardio-
vascular crisis occurs. In the lightly anesthetized dog (e. g ., 
under light ether anesthesia) respira tion very frequently con-
tinues down to and even beyond cardiovascula r failure (49). 
There is abundant evidence t hat cardiovascula r failure always 
precedes respira tory failure in the unane s thetized hypothermic 
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smaller animal, e.g., the rat (23,28). It has therefore been 
assumed that in the hypothermic dog , cessation of respiration 
prior to cardiovascular failure is due to the anesthetic agent 
employed rather than cold per se. The validity of this assump-
tion has not been conclusively demonstrated in the dog. Never-
theless, in the studies of survival mentioned below, free access 
to artificial respiration was permitted, thereby eliminating as 
contributory lethal factors not only the depressing action of 
the drug on respiration but also the possible depression by the 
cold. However, differences in the effects of anesthetic agents, 
even with respiratory effects controlled, appear in the hypo-
thermic dog. 
Thus Crismon (22) using pentobarbital was unable to re-
vive dogs cooled below 24°0 rectal temperature while Hook and 
Stormont (55) successfully revived dogs from temperatures as 
low as 17°0 after ether and sodium barbital anesthesia. 
Haterius and Maison (49) cooled do gs frequently to rectal tem-
peratures of 14°-15°0 with subsequent successful revival. They 
observed that pentobarbitalized dogs died at higher rectal tem-
peratures than dogs cooled under thiopental, ether or cyclo-
propane but offered no quantitation of this difference. Woodruff 
(90), using pentobarbital, was unable to cool his dogs below 
23°0. However, his experiments involved cooling dogs to 23°-25°0 
and maintaining them at these low temperatures as long as pos-
sible. In these studies, body temperature alone does not g ive 
a true indication of total cold stress. Prolongation of the 
hypothermic state could conceivably exhaust the ability of the 
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dog to survive extremely low temperatures. Except for the 
work of Woodruff, prolonged cooling has not been investigated 
in the dog. 
Gollan et al. (39) were unable to revive dogs cooled 
under thiopental anesthesia from rectal temperatures below 
27°0. These results could be attributable to their unique 
extracorporeal cooling technique. 
Bigelow et al. (12) observed that dogs cooled by immer-
sion with divinyl ether anesthesia "faired better" during the 
cooling process than dogs cooled under diethyl ether or barbi-
turate anesthesia. Again, quantitative data as to survival 
temperatures were not reported. 
A controlled study on the comparative effects of pento-
barbital, thiopental and diethyl ether on survival was recently 
completed in this laboratory. The animals were subjected to no 
experimental procedure other than anesthetization, cooling, and 
when necessary, artificial respiration. The mean lethal rectal 
temperature of dogs cooled under pentobarbital was 18.5°0. 
This differed significantly from the mean lethal rectal tempera-
ture of the etherized dogs (15.2°0) and the dogs under thiopen-
tal (15.7°0). Thus, even apart from respiratory effects, 
pentobarbital appears to be more deleterious than ether or 
thiopental to the hypothermic dog. 
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Part C. Abnormality of Physiological Function 
Central Nervous System (CNS) 
To date, no controlled study of CNS function in the 
hypothermic dog has been reported. However, observations of 
this function made incidentally in this laboratory have been 
summarized by Hegnauer and Penrod (53). In general, these ob-
servations are simila r to those made by Britton (14) on the 
hypothermic cat. 
Evaluation of the effect of cold on the nervous system 
in the hypothermic dog is most difficult because of the depres-
sion imposed by the anesthetic a gent used. In general, the use 
of inhalation anesthetics is less detrimental to the CNS than 
the use of barbiturates. The effective concentration of a 
vola tile anesthetic in the do g can be blown off within a few 
minutes after removal of the agent. Barbiturates or other 
systemicly administered anesthetics when once administered can-
not be withdrawn and must be excreted or metabolized. These 
latter processes require considerable time. As a result, in 
deep hypothermia after cessation of administration of the anes-
thetic agent, there is less systemic anesthetic, hence less CNS 
depression from this source when inha l a tion anesthesia is em-
ployed. 
In spite of this point of criticism some observa tions 
have biological significance. For example, the knee jerk is 
sluggish and has a long latency in deep hypothermia, ind icating 
slow c onduction through peripheral nerve and/or cord. This re-
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flex is usually abolished within a degree or two of the lethal 
temperature, varying with the lethal temperature under various 
anesthetics. Muscle tone in the hypothermic do g is usually 
abolished just prior to abolition of the knee jerk. 
Respiratory reflexes are integrated in the medulla. Un-
der ether anesthesia spontaneous respiration is frequently ob-
served a t cerebral temperatures of 18°-19°0, which correspond 
to rectal temperatures of 13°-14°0. Shivering, which involves 
a functional hypothalmus, has invariably ceased by the time the 
cerebrum reaches 23°0 (20°0 rectal temperature). The lower 
limit of cortical and thalamic function in the hypothermic dog 
appears, from rewarming experiments, to be in t he cerebral tem-
perature range of 25°-27°0 (22°-25°0 rectal tempera ture). Thus, 
the brain undergoes a descending narcosis. 
Since the spinal cord is immersed in ice water in these 
experiments, its temperature at any given time in the cooling 
process is considerably lower than that of the unimmersed brain. 
Although the function of the cord is lost ea rlier in time than 
the function of the medulla, it is lost at a lower tissue tem-
perature. Hence the descending na rcosis is progressive even to 
the cord. 
Respiration 
Quantitation of external respiration and total oxygen 
consumption in hypothermia is most significant when considered 
in relation to tissue requirements. ~hrked depression of rate 
and depth of breathing and of total oxygen consumption has been 
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reported by several authors (12,68 ,71). However, strong evi-
dence in favor of adequate tissue oxygenation was offered by 
Penrod (69), who found essentially normal arterial and venous 
oxygen contents and a normal a rteria l-venous oxygen difference 
in the dog at 20°0. Hegnauer and D' Ama to (51 ) l a ter found the 
same normal p icture at 17°0. In general these dogs incurred 
no oxygen debt during cooling and no compensa tory rise in oxyg en 
consumption was observed on subsequent rewarming . There was 
one exception. One dog in deep hypothermia apparently incurred 
oxygen debt due to temporary cardiovascula r f a ilure. Blood sam-
ples withdrawn several minutes a fter recovery from this crisis, 
while the dog wa s still cooling , revealed a norma l a rterial 
oxygen content but a very low venous oxygen content, hence a 
ma rked increase in the coefficient of utilization. A similar 
cond ition arose during rewarming and simila r observa tions were 
made. It therefore appears tha t in the hypothermic dog , tissues 
in need of oxygen can extract additional oxygen fro m the blood. 
The fact that a norma l arterial-venous oxy gen difference exists 
in deep hypothermia indica tes tha t in hypothermia t here is no 
want of oxygen in the tissue cells. The above results contra-
dicted the prediction of von Werz (89). He claimed that the 
increa sed affinity of hemoglobin for oxygen in the cold (the 
shift of the oxygen di s sociation curve to the left) would pre-
vent adequate dissociation, hence adequa te tissue oxygena tion. 
However, a decrease in pH is known to favor oxygen dissocia tion, 
i.e., to shift the curve to the right, to a ffect the curve in a 
manner opposite to that of cold. Hegnauer and Penrod (53) there-
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fore hypothesized that a decrease in blood pH could compensate, 
at least partially, for the effect of cold on dissociation. 
Measurements revealed a progressive decrease in blood pH from 
a normal of 7.4 to 6.9 at a heart temperature of 16°C (rectal 
temperature of 14°C). These values were quite close to those, 
which according to computations would be sufficient to compen-
sate entirely for the effect of cold on dissociation. 
C~rdiovascular System 
Hook and Stormont (55) reported a sinus bradycardia in 
the dog at rectal temperatures of 17°-20°0. Woodruff (90) ob-
served progressive bradycardia down to rectal temperatures of 
23°0. Grosse-Brockhoff and Schoedel found that this bradycardia 
was not influenced by vagotomy nor by atropinization. These ob-
servations were confirmed by Haterius and Maison (49). Hegnauer 
and Penrod (53) observed a slight, temporary increase in heart 
rate followed by a gradual depression. Others (12,71) have 
since substantiated these results. 
Systemic arterial blood pressure, like pulse rate, under-
goes an initial slight increase due mainly to intense vasocon-
striction followed by a progressive drop somewhat dependent on 
cardiac output and pulse rate (53). 
Cardiac output in the hypothermic dog has been shown to 
parallel oxygen consumption (12,50,71). It is therefore related 
to shivering and dependent upon depth of anesthesia. In view 
of the essentially normal arterial-venous oxygen difference in 
hypothermia, it appears that changes in cardiac output consti-
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tute the chief mechanism by which tissue oxygena tion is regu-
lated. As tissue demands for oxygen increa se (e. g ., with 
shivering ), cardiac output increases. lihen tissue demands 
are depressed in deep hypothermia, cardiac output diminishes. 
Electrocardiographic studies in deep hypothermia by 
Hook and Stormont (55) revealed prolongation of the P-R inter-
val and of the QRB complex, indica ting depression of the con-
ducting mechanisms by the cold. In addition they observed 
changes in the ST segment and in the T wave, the latter becoming 
diphasic or deeply and bizarrely inverted . Subsequently, others 
{45,71) reported voltage changes, heart block and complete dis-
appearance of the P wave. 
Haterius and Maison (49) observed irregularities of hea rt 
rate in an otherwise sinus rhythm at rectal temperatures of 20°C 
and higher but reported no electrocardiographic study of these. 
Hegnauer et al. {54) and Prec et al. (71) identified these ir-
regularities a s ventricula r ectopic bea ts arising from one focus 
or from many foci. These often precipita ted ventricula r fibril-
l a tion in t h e cold and occasionally in rewarming from low tem-
pera tures. Idioventricula r bea ts have been observed at even 
higher temperatures in the hypothermic dog (39). More will be 
s a id of these phenomena in the next pa rt of this section . It 
will suffice for the present to say tha t electroca rdiographic 
studies on the hypothermic do g revea l (a) depression of the 
conducting mechanisms of the heart by the cold, and (b) the 
orig in in t he cold hea rt of idioventricular bea ts, often leading 
into fibrill a tion. 
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Hegnauer et al. (54) and more recently Berne (10,11) 
found increased dura tion of systole and increased duration of 
isometric relaxation in deep hypothermia, in:licating a direct 
depression by the cold of the contractile mechanisms of the 
myocardium. Moreover, Hegnauer pointed out that if the heart 
rate at normal temperature is slowed to a rate similar to a 
representative rate in deep hypothermia, the activity phase 
occupies a much smaller percentage of the total cycle at normal 
temperature than at the cold temperature. For a given heart 
rate the cold heart spends a greater time under stress. 
Hegnauer et al. (54) reported increased right atrial 
pressures and left ventricular pressures in deep hypothermia. 
These elevated pressures were invariably accompanied by ventri-
cular extrasystoles and frequently followed by ventricular fi-
brillation. The occurrence of extrasystoles and fibrillation 
were later ascribed to the presence of intraventricular cathe-
ters (52). Bigelow (12) reported high venous pressures in hypo-
thermic dogs most of which died in ventricula r fibrillation. He 
concluded that high venous pressures precipitated fibrillation. 
The evidence indicates however, that elevated pressures of this 
type are the effect rather than the cause of cardiac irregula ri-
ties (ectopic beats). Because of their common orig in, elevated 
intraventricular, intra-a.trial and venous pressures and ventri-
cular fibrill a tion often accompany one another. In the absence 
of extrasystoles Berne (11) found no increase in left intra-
ventricular or right atrial pressure. He concluded that in the 
absence of extrasystoles, no myocardial weakness occurs in 
hypothermia. 
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Part D. Nature of Dea th 
In Part B of this section it was pointed out that anes-
thetic a gents, when used in experimental hypothermia, depress 
the respiratory reflex even to the point of hastening complete 
cessation of breath ing movements. For this reason, most studies 
of death in the hypothermic dog have been carried out with free 
access to artificia l respiration. Attention therefore has been 
focused on the cardiova scular system and the factors which ef-
fect its eventual failure. 
Terminal ca rdiac events in the hypothermic dog can be 
divided into three types. In Type A there is an uncomplicated 
slowing of the heart r a te and a progressive lengthening of 
diastole until dia stole becomes infinitely long. The heart is 
then said to be asystolic and t he ca rdiac termination is clas-
sified as 11 asystole. 11 This type of termina tion rarely occurs 
a t recta l temperatures above 17°C. 
In marked contrast to the above is Type B. In this type 
of ca rdiac termination a relatively rapid sinus rhythm is inter-
rupted by few or many idioventricula r bea ts, one of which leads 
directly into ventricula r fibrilla tion. Such termination is 
called 11 true ventricula r fibrilla tion" or simply 11 ventricular 
fibrilla tion. 11 11 Ventricular fibrillation 11 occurs invariably 
above rectal temperatures of 17°C and most frequently a round 20°C. 
The third type of ca rdiac termina tion contains both asys-
tolic and fibrillatory components. The usua l p icture consists 
of a gradual slowing of the heart rate to three or f our bea ts 
per minute, a long interval of asystole and fina lly, interrupting 
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the asystole, sluggish fibrilla tion. Etiologically, this type 
is thought to be related more closely to "asystole" than to 
"true ventricular fibrillation" but is referred to by the com-
bination of terms, "asystolic fibrillation. 11 It is common 
practice in this laboratory to classify fibrillatory termina-
tions which occur at heart rates of fifteen or more beats per 
minute as 11 true ventricular fibrillation" (Type B). Fibril-
latory terminations occurring from heart r a tes less than fif-
teen beats per minute are arbitrarily classified as "asystolic 
fibrillation. 11 
Covino et al. (20) have shown that the relative frequency 
with which these types occur in the hypothermic dog varies with 
the anesthetic agent employed. Under pentobarbital anesthesia 
(30 mg/kg., intraperitoneally) 60% of deaths were classified as 
"ventricular fibrillation" (Type B). The remaining 40% were 
classed as 11 asystole 11 (Type A) or as 11 asystolic fibrilla tion11 
(Type C). Only 30% of deaths were classified as "ventricular 
f1brillation 11 when the experiments were carried out under ether 
(inhalation) or thiopental (5%, intravenously as required to 
maintain surgical anesthesia). It would be of great value to 
know the relative frequency of these types of ca rdiac termina-
tion in the unanesthetized hypothermic dog. The only known 
effect of these anesthetic agents on the myocardium is one of 
depression. It is conceivable, therefore, that the tendency 
towa rd arrhythmias and "ventricular fibrillation" observed in 
the anesthetized hypothermic dog is actually a pa rtly masked ef-
fect, the result of depression by the anesthetic of a much greater 
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tendency induced by the cold. 
The exact nature of death, i.e., the series of causes 
leading to any or all of these three types of cardiac termina-
tion, is not known. Von Werz (89) postulated progressive ·car-
diac ischemia due to a shift of the oxy gen dissociation curve 
to the left. Coronary arterial-venous oxygen studies indicate 
that at lethal temperatures the myoca rdium, as a whole, is 
adequately oxy genated (51,69). For the same reason, the forma-
tion in the myocardium of localized anoxic areas, which g ive 
rise to areas of increased excitability and ectopic activity, 
is difficult to establish as a cause of "ventricular fibril-
lation." 
Increased venous pressure has been suggested by Bigelow 
(12) as the cause of "ventricular fibrillation." In his experi-
ments such fibrillation was prevented and, in one case, reversed 
by venesection. No substantiation of these results has been 
reported. Completely negative results were obtained with 
venesection in this laboratory. 
Endogenous epinephrine and its effect on a hyperexcitable 
myocardium have been considered as possible factors in the oc-
currence of "ventricular fibrillation." However, administration 
of exogenous epinephrine at near lethal temperatures has no ef-
fect or a beneficial effect on survival in hypothermia (20). 
Adrenergic blockade has no beneficial effect (20). 
Undoubtedly, the phenomenon of 11 true ventricular fibril-
l a tion" in hypothermia is related in some way to an increased 
myocardial excitability. Preliminary investigations of electri-
I 
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cal threshold of ectopic beats suggest that an increased myo-
cardial excitability does exist. The mechanism underlying 
this increased excitability has not been revealed. One mech-
anism, which must be considered as a possibility, is the loss 
of intracellular potassium from the cardiac fibers. The pres-
ence or absence of this factor in the hypothermic dog can be 
determined by measurements of the coronary arterial-venous 
potassium differences. 
The causes underlying "asystole" are similarly not 
clear. Conceivably, the direct slowing effect of the cold on 
the metabolic processes underlying myocardial contraction could 
progress to the point at which energy production failed to reach 
contractile threshold. If this were the entire explanation, re-
warming the animal should be sufficient to restore the asystolic 
heart to normal function. Complete cardiovascular recovery has 
been observed in this laboratory in a hypothermic dog whose 
electrocardiographic recordings revealed no heart beat for over 
five minutes. As far as the cardiovascular system is concerned, 
this type of termination is much like a state of suspended 
animation. 
S.ECTION III 
STUDIES ON 1tJATER DISTRIBUTION IN HYPOTHERMIA 
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Relatively little experimenta l work has been carried 
out in the field of water distribution in hypothermia. Iso-
lated clinica l observa tions have been reported but there have 
been few extensive studies. 
Several clinicians, notably Woodruff (90) and Talbott 
(85) have reported edema of the lungs in patients dying of 
hypothermia. 
Smith and Fay (81) reported occasiona l hemoconcentration 
in cancer patients whose deep recta l temperatures ranged from 
32°0 to 23°C. 
Talbott, Consolazio and Pecora (86) observed tissue 
water changes in hypothermia. They reported a total wate~ 
percen t age belovr t he average found in normal au topsy subjects 
in muscle, liver, kidney a nd brain but a higher water percen-
tage in heart muscle. They also found a concentration of 
sodium belo1v average in all the organs mentioned. This led 
them t o believe tha t in these victims of hypothermia there 
was a generalized decrea se in extracellular water. 
The work of Barbour, concerning the homeostatic control 
of water distribution, touched occasionally upon hypothermia. 
For example, in 1924 Barbour and Tolstoi (7) reported the re-
sults of several experiments in which dogs were cooled to rec-
tal temperatures of about 33°0. In two cooled, but otherwise 
normal, dogs they observed increases in total blood solids of 
the order of 10% over the control values. One dog, in which 
the spinal cord had been transected- at the sixth cervical seg-
ment, showed no significant change in total blood solids in 
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hypothermia. Similarly, one decerebrate hypothermic dog re-
vealed no change in total blood solids. From these four dogs 
t he authors concluded that the intact animal possessed a '1.\tla ter 
shifting mechanism" under the control of the central nervous 
system. 
In 1934 Barbour a nd Gilman (5) reported the immersion 
of a ca t in 10°0 water for ten minutes. No body temperatures 
were recorded. An increase in serum specific gravity of 5% 
over the control value was observed. The authors stated by 
way of discussion that this type of change could be eliminated 
by a variety of procedures which interfere with proper function 
of the central nervous system. Six years l a ter, Barbour (4) 
found percentage increases in the serum osmotic pressure of 
cats equal to the increases in specific gravity previously re-
ported. In addition, intracellular water was computed by sub-
tracting total chloride space from total water volume for a 
group of seven normal cats and a group of seven cats exposed 
to temperatures varying from +7°0 to -4°0. The average intra-
cellular water content in the cold cats was 7% greater than 
that of the normal cats. From these two experiments Barbour 
concluded that the acute movement of water into the cells was 
due to an accumulation of metabolites in the cell. In this 
same report the author states that no significant difference 
in osmotic pressure was observed between cats exposed to -4°0 
with shivering and cats exposed to t7°0 environmental tempera-
ture without shivering . No quantitative data were submitted to 
establish this point, but the author concluded that the shivering 
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mechanism was not responsible for the increase in intracellular 
metabolites and the consequent attraction of water into the 
cells. No further exploration of the possible role of shiver-
ing on these water shifts was undertaken by Barbour in spite of 
continual references to the "water shifting mechanism under the 
control of the central nervous system" in hypothermia. 
The work of Barbour, discussed thus far, involved only 
moderate reduction of body temperature. In 1943 Barbour, McKay 
and Griffith (6) reported a study of water shifts in hypothermia 
which involved more drastic reduction in temperature. The study 
consisted of three parts: 
(A) Monkeys were wrapped in half inch coiled tubing: 
through which 7°0 water circulated. In this way they were 
chilled to 23°0. 
(B) Rats were exposed to a cold room (3°0 to 4°0) for 
one hour, confined only by individual cages, hence free to move 
about during the exposure. 
(C) Another group of rats was chilled in a manner 
similar to the monkeys. 
In the monkeys chilled to 23°0 the authors found an 
initial rise in serum protein of 5.1% of the normal level and 
in serum chloride of 4.1% of the normal. This initial increase 
was followed by a fall in both protein and chloride which per-
sisted to the end of chilling. Rewarming augmented the fall so 
as to result in a maximum decrease of 8% of the normal in pro-
tein and 2.7% of the normal in chloride. 
The free rats, cooled to an average rectal temperature 
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of 22.4°0 showed an increase in serum protein and serum chlo-
ride. Intracellular water content of the liver, muscle, brain 
and minced carcass also increased. Total water content in-
creased in muscle, brain and minced carcass but not in liver. 
The rats which were chilled by coil, cooled to an aver-
age rectal temperature of 18.9°0. The serum protein, serum 
chloride, total and intracellular water of these rats were 
above normal but lower than those of the other group. 
The increases in total water described above, especially 
those observed in the rats cooled to 22.4°0 are difficult to 
understand. In order to produce an increase in total water of 
the magnitude reported, e.g., 9% in minced carcass, practically 
the entire plasma volume would have to desert the vascular 
system for the tissues. 
In 1951 Rodbard et al. (76) reported measurements of 
plasma and extracellular volumes in experimental hypothermia. 
Plasma volume, as determined by T-1824 was reduced by over 30% 
in chicks and rabbits cooled to rectal temperatures of 25°0. 
Extracellular space as determined by thiocyanate was reduced 
by an equal percentage. Moreover, thiocyanate space increased 
to normal values upon subsequent rewarming. Plasma volume was 
not measured in the rewarmed animal. 
Measurements of extracellular space were also made in 
nephrectomized rabbits with inulin. A single injection of 
inulin was made a.t normal temperatures and its volume of distri-
bution determined by dilution first at normal temperature, then 
at 25°0 rectal temperature. No change occurred in inulin space. 
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yfhen, however, the injection of inulin was made at 25°0 and 
its volume of distribution determined first in the cold rabbit 
and subsequently after rewarming , then the volume of distri-
bution of inulin increased. The authors rea soned that if the 
apparent loss of extracellular space with cooling were due to 
a flight of water into the cells of the body, then the volume 
of distribution of inulin, injected only at normal temperature, 
would have decreased with cooling. They concluded that the 
lost plasma was still within the vascular tree, but locked in 
capillary beds, which were inaccessible to blood borne indica-
tors. The ina ccessibility of these vascular beds rendered a 
corresponding percentage of interstitial space unavailable for 
measurement in the cold. 
SECTION IV 
PROCEDURE AND METHODS 
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The investigations concerning water distribution in 
hypothermia reported in this and the following sections are 
divided into five groups: 
1. studies on blood, comprised of determinations 
of hematocrit, plasma water content and plasma 
protein concentration; 
2. measurements of plasma volume; 
3. measurements of red cell volume, i.e., circulating 
red cell mass; 
4. measurements of thiocyanate space, and 
5. measurements of total water content and chloride 
space in skeletal muscle, cardiac muscle and liver. 
General Procedure 
All experiments were performed on unselected, apparently 
healthy, mongrel dogs. Individual weights of these dogs ranged 
from seven to eighteen kilograms, but the majority of weights 
fell between ten and fourteen kilograms. 
The anesthetic a gent employed was either thiopental or 
pentobarbital. In the former case a 5% solution of thiopental 
sodium was initially titrated into a vein of the forelimb until 
the upper plane of surgical anesthesia was attained. During 
the course of the experiment additional thiopental was adminis-
tered intravenously or intra-arterially as needed to maintairr 
this level of anesthesia. In other experiments pentobarbital 
sodium was administered intraperitoneally, the dose being thirty 
milligrams per kilogram of body weight. The level of anesthesia 
resulting from this constant dose was not so consistent as that 
resulting from the intravenous injection of thiopental. Usually, 
immediate anesthesia with pentobarbital was somewhat deeper and 
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longer lasting. Additional pentobarbital during the course 
of the experiment was rarely required. 
Preimmersion surgery was generally limited to through-
and-through ca~~ulation of one or both common carotid arteries 
and exposition of one or both external jugular veins. Intra-
arterial heparin in a dose of five milligrams per kilogram of 
body weight was sufficient to prevent clotting in the cannulae 
and coagulation in blood samples subsequently withdrawn for 
analysis. Deep rectal temperature was determined by means ·of 
a thermocouple inserted to a depth of ten centimeters. The 
thermocouple was connected to a Leeds-Northrup Speedomax upon 
which the temperature was recorded every twenty-four seconds. 
Reduction in body temperature was effected by the immer-
sion method. The anesthetized do g was strapped in the supine 
position to a dog board. After preliminary preparations and 
control observations were completed, both dog and board were 
lowered into a tub filled with iced water. Immersion was such 
that only the head, neck and ventral thorax remained above 
water. This position was orig inally chosen by Haterius in 
order to simulate the position assumed by one kept afloat in 
deep waters by a life preserver of the "Mae West" type. An 
inevitable result or this type or cooling system is the esta-
blishment of a surface to core temperature gradient. Since the 
. more peripheral parts of the immersed body come into more im-
mediate contact with the cold water, at any g iven time in the 
cooling process they are colder than the inner structures. 
Moreover, in addition to this surface to core gradient, there 
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is a cephalo-caudal gradient. The unimmersed head, for example, 
is warmer than the immersed trunk. 
In these experiments rectal temperature was the only 
temperature measured. Previous work in this laboratory estab-
lished definite temperature relationsh ips between various ana-
tomical parts of the hypothermic dog . Since these rela tionships 
have important bearing on some of the results obtained, they 
are illustrated graphically in Figure 1. The temperatures of 
the heart and rectum a re fairly close throughout most of the 
cooling process. The temperature of the thigh, however, devi-
ates markedly from that of the rectum from the onset of cooling . 
This is quite understandable in view of the facts that heat loss 
occurs at the surface of a structure and that the thigh presents 
a much greater surface-mass ratio than does the whole trunk. 
At any g iven time in immersion cooling , the temperature of the 
deep muscles of the thigh is considerably lower than tha.t of 
the rectum. 
Studies on Blood 
Hematocrit: 
Hematocrit was studied both in random groups of dogs 
and in a series of dogs before and after cooling . Random group 
studies consisted of determina tions made on a group of seven 
anesthetized dogs at normal body temperature, a group of seven 
dogs cooled to and sacrificed at rectal temperatures of 28°0, 
and a group of eleven dogs cooled to and sacrificed at a rectal 
temperature of 20°0. In connection with blood volume experiments, 
hematocrits were also determined on thirty-four anesthetized 
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from that of the Rectum During Hypothermia 
in .the Dog. 
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dogs, first at normal body temperature and then at rectal 
temperatures of 23°0 to 20°0. In both studies the hematocrit 
was measured by centrifugation in Wintrobe tubes at 3000 re-
volutions per minute for thirty minutes. The 11 buffy coat" 
was not included in observing the pa cked cell ma ss and no 
correction was made for trapped plasma. 
Pla sma Water Content: 
Plasma water content was determined in random groups 
of dogs by drying for forty-eight hours in an oven at 95°0. 
The groups were comprised a s follows: (a) eight anesthetized 
dogs sacrificed at normal rectal temperature; (b) seven dogs 
cooled to and sacrificed at rectal temperatures of 28°0; (c) 
seven dogs cooled to and sacrificed a t rectal temperatures of 
20°0; five dogs cooled to rectal temperatures of 20°0 and 
maintained a t that temperature for periods of time rang ing 
from thirty minutes to five hours; (e) seven dogs cooled to 
death, which in these experiments occurred between rectal tem-
peratures of 17.6°0 a nd 15.3°0. 
Plasma Protein Concentration: 
Pla sma protein concentra tions were first studied by 
the copper sulfate method of Moore a nd VanSlyke (65). In 
this relatively simple technique plasma is dropped into stock 
solutions of copper sulfate of known specific gravity. The 
specific gr avity of the solution, in which the drop of pla sma 
remains briefly suspended, is equal to the specific gravity of 
the plasma. Plasma protein concentrated is then computed from 
the formula: 
grams of protein per 
100 cubic centimeters = 343 (G - 1.007) 
of plasma 
in which: G represents the determined specific 
gravity, 
1.007 represents the specific gravity of 
plasma with no protein, and 
343 represents the factor, equivalent 
to an increase in protein of 1 gram 
per 100 cubic centimeters. 
Changes in plasma protein concentration were later 
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studied refractometrically in connection with tissue water 
and chloride experiments. In nine dogs serial determinations 
were made at several points during cooling. The method in-
volved direct measurement of the refractive index of plasma 
and computation of plasma protein concentration from the 
formula: 
grams of protein per Rs - (RH2o - 0.0022) 100 cubic centimeters -
in which: 
of plasma .00201 
0.0022 
represents the reading obtained with 
plasma, 
represents the reading obtained with 
distilled water, 
represents the assumed reading due 
to crystalloids in plasma, and 
0.00201 represents the assumed reading due 
to 1 gram of protein per 100 cubic 
centimeters of plasma. 
Plasma Volume 
Plasma volumes were measured by the T-1824 dye dilution 
technique. The time required for complete mixing of dye in the 
plasma was determined by plotting the concentration of dye in 
successive samples of plasma against the time intervals at 
which these samples were drawn after a single injection of 
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dye. Thus mixing was found to be complete in thirty to forty 
minutes in four anesthetized dogs at normal body temperature, 
in agreement with the findings of Miller (64). In seven dogs 
at rectal temperatures of 23°0 to 20°0, mixing periods were 
found to be forty to sixty minutes. A typical dilution curve 
obtained at normal temperature is presented in Figure 2. The 
cause of the initial plateau, occurring at ten to twenty min-
utes after injection, is not known. Evidence for a similar 
temporary plateau is found in the literature (42) and has been 
obtained in the unpublished work of others (73). Indeed, fail-
ure to extend inv~stigations of mixing time beyond twenty min-
utes may have been responsible for the assumption, made in the 
earlier days of this technique, that mixing was complete in 
ten minutes. 
Using these mixing periods, plasma volumes were deter-
mined in fifteen anesthetized dogs at normal body temperature. 
Computation, made according to the formula presented in Section 
I, were based on the average dye concentration in plasma sam-
ples drawn thirty, thirty-five and forty minutes after injection. 
Each dog was then cooled to a rectal temperature of 23°0 and 
removed from the bath. Dye was again injected and samples of 
plasma withdrawn fifty, fifty-five and sixty minutes later. 
The dye concentration immediately before the second injection 
subtracted from the average concentration in the samples with-
drawn after the second injection gave the concentration of dye 
80 c .90 E 
(/) 
(/) 75 c a.. .85 Q) 
0 0 0 
0 70 0 .80 
0 0 0 
0 65 ......... E 
......... C'» (/) 
-
~ § 60 .70 
0 
0 c: 
~55 0 .65 += 
-
c 
> "'-
-
- 50 
c: 
0 Q) .60 
c 0 -o D:te 
.Q c: 0 Ta ed Cells 
'"C 
c 
a:: 
45 0 .55 
Q) 10 20 30 40 50 60 70 80 90 100 
>. Time- Minutes after Injection Q 
Figure 2. Plasma Mixing and Disappearance Curves of 
T-1824 Dye and Cells Tagged with Radioactive 
Phosphorous. 
110 
0 
120 
45 
in these samples due to the second injection. The plasma 
volume in hypothermia was computed from the dye concentration 
due to the second injection. 
During the time required for mixing of dye in the cold, 
rectal temperatures generally fell two or three degrees, per-
haps as a result of a redistribution of heat from the warmer 
core to the colder periphery. Plasma volumes under these con-
ditions were presumed to be referable to the final temperature 
(21°C to 20°C). 
Inasmuch as shorter mixing periods have been used fre-
quently in measuring plasma volume, nine ~ experiments were per-
formed in which plasma volumes were measured using mixing times 
of ten minutes at normal body temperature and twenty minutes at 
the cold temperature. 
Red Cell Volume 
Circulating red cell volumes were measured by the radio-
active phosphorous (p32 ) technique. Previously drawn red cells 
(5cc. to lOcc.) were incuba ted at 37°0 with approximately 100 
microcuries of radioactive phosphorous in the form of phosphate 
and in the presence of glucose for two or three hours. The 
tagged cells were washed four times with saline. Analyses 
showed that the third and fourth wa shings contained practically 
no radioa ctivity, thereby indicating complete binding of the 
phosphorous within the cell. 
Times required for complete mixing of cells were found 
to be thirty to forty minutes a t normal temperature and fifty 
to sixty minutes at the cold temperature. A representative 
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curve is reproduced in Figure 2. 
Red cell volumes were thus measured in seven dogs at 
norma l temperature and then at recta l temperatures of 20°0, 
the procedure being the same as that followed in .the plasma 
volume measurements. 
Thiocyanate Space 
Total extracellula r space was estimated from the volume 
of distribution of thiocyana te. :t.1ix ing periods similar to 
those observed for T-1824 and tagged cells were found for 
thiocyanate in two dogs at normal temperature a nd in two dogs 
at 20°0 rectal temperature. Subsequent measurements of thio-
cyanate space were made in six dogs , following a procedure 
similar to that described above for plasma and red cell volumes. 
Tota l ~'later OQ.ntent and Chloride Space of Tissues 
Total water content and chloride spa ce was measured in 
skeletal muscle of the thigh (representing immersed muscula-
ture), in skeletal muscle of the shoulder (representing unim-
mersed musculature), in cardiac muscle and in liver. Total 
water was determined by drying for forty-eight hours in an 
oven at 95°0. Total tissue chloride was determined by the 
open Oarius method as modified by Sunderman and williams (84), 
and chloride space computed according to the formula presented 
in Section I. Assuming chloride space and extracellular space 
to be identical in these tissues, intracellular water content 
was computed by subtracting the former from the total water 
content. 
These measurements and computations were made on a 
total of thirty-four dogs grouped as previously described 
in this section under plasma water studies. 
SECTION V 
RESULTS OF ORIGINAL RESEARCH 
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Studies on Blood 
Hematocrit: 
One of the more consistent observa tions in hypothermia 
is tha t of hemoconcentra tion (53). In humans, cooled by the 
Germans at Dachau, blood counts increased by 20% of the nor-
mal (1). Assuming no change in single corpuscular volume 
this would be reflected in an increas e in hematocrit of simi-
lar magnitude. The sole negative report has been that of 
Rodbard et al. (76) who observed no significant difference 
between the hematocrit of normal chicks and rabbits and that 
of chicks a nd rabbits cooled to 25°C. 
Table 1 summarizes the results of random group studies 
of hematocrit in the dog . The average hematocrit of the group 
0 . 
of dog s cooled to 28 C rectal temperature was 30% higher than 
tha t of the group of norma l dogs. The avera ge hema tocrit of 
the dogs cooled to 20°C was higher than tha t of the normal 
dogs by about 25%. While both groups of hypothermic dogs 
di f fered significantly from the control group, they did not 
differ significantly from one another. 
Changes in hematocrit occurring in a series of dogs 
subjected to immersion hypothermia are . summarized in Table 2. 
As in the random group studies, marked increases in hematocrit 
were observed in hypothermia. The average change at 20°0 in 
this series was a slightly lower increase than that observed 
at the same temperature in the previous study. 
Other workers have inferred that increases in hematocrit 
simila r to those meas·ured in these studies, were due to con-
Table 1. 
Hematocrit of the Normothermic and Hypothermic Dog 
(Random Groups) 
No. of Ave. s. D. Group Dogs Hct. % % 
Control 7 40.5 ± 5.0 
Sacrificed immediately 
at 28°C 7 52.7* ± 5. 3 
Sacrificed immediately 
at 20°0 11 49.8* ±12.4 
* Differences from control group are statistically 
significant (P < .05, random group, t test). 
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Table 2. 
Percentage Change from Normal in Hema tocrit in the Hypothermic Dog 
Number Range Ave. s. E-. of Change : 
Experiments % % % 
- 1.3 
34 to +17 .8 ±1.7 
+54.2 
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traction of the spleen or to loss of plasma from the blood to 
the tissues. It is hoped that the nature of this hemoconcen-
tration will be elucidated somewhat by the results presented 
in this section. 
Plasma Water Content: 
Determinations of plasma water content under control 
and hypothermic conditions (Table 3) revealed no overall change 
in plasma water content in hypothermia. A transient decrease 
was observed in the early stages of cooling but normal values 
were reestablished before rectal temperatures of 20°C were 
attained. The decrease in water observed in the group cooled 
to 28°C corresponds to an increase in plasma solids of 15% of 
the control value. Increases in plasma solids of 10% have been 
reported in cats cooled to 34°C to 33°C (5). 
Plasma Protein Concentration: 
Studies of changes in plasma protein concentration in 
hypothermia yielded data which generally agree with the above 
measurements of plasma water content. 
Figure 3 illustrates graphically the results of plasma 
protein determinations made by the copper sulfate method. It 
should be pointed out that in this study, determinations were 
made at normal temperature, at 25°C and at 20°C, as opposed to 
the measurements of water content which were made at normal 
temperature, at 28°C and at 20°C. This difference in tempera-
ture accounts for the quantitative difference which will be 
noted between the results of the plasma water studies and the 
Table 3. 
Water Content of Plasma in the Normothermic and Hypothermic Dog 
No. of I Average s. D. Group Dogs Plasma Water % % 
' 
Control 8 92.7 :to.4 
Sacrificed immediately 
at 28°C . 7 91.5* ±1.1 
Sacrificed- immediately 
at 20°C 9 92.6 ±o.8 
Held at 20°C before 5 92.4 to.3 sacrifice 
Cooled to death 7 92.6 :1:0.5 
* Difference from control grou~ is statistically significant 
(F <.05, group means, t test). 
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results of plasma protein determinations made with copper 
sulfate. 
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Although five of the experiments presented in Figure 3 
revealed no change and one a decrease in plasma protein con-
centration at 25°, the average cha nge was an increase of 5% 
of normal, a statistically significant change according to 
paired data analysis. Between rectal temperatures of 25°0 
and 21°0, plasma protein concentration tended to return to-
ward normal. As a result, the av~rage concentration at 21°0 
was not signific~ntly different from normal. Thus a transient 
increase in plasma protein concentration was demonstrated in 
the hypothermic dog. The study failed, however, to reveal an 
increase of protein similar in magnitude to the increase in 
plasma solids computed from the observed decrease in plasma 
water. In addition, the study failed to demonstra~e the rec-
tal temperature at which the peak increase in plasma protein 
occurred. Therefore, serial determinations of plasma protein 
concentration were carried out refractometricly in nine dogs. 
Temporary increases were seen in all nine experiments (Figure 
4). Two dogs revealed increases of a magnitude much greater 
than any of those seen in the previous study. In general, the 
results indicate that the peak increase in plasma protein con-
centration may occur at any rectal temperature between 33°0 and 
24°0. In those dogs in which increases occurred at relatively 
high rectal temperatures, reversals of these increases were 
1 t b 2000. comp e e y In those dogs in which increases in plasma 
protein concentration were delayed, reversals were nevertheless 
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well underway at 20°0. The average response at 28°0 rectal 
tempera ture was an increase of 12% of the control level. 
This compares _well with the 15% increase in pla sma solid 
content computed from the plasma water mea surements made at 
t he same rectal temperature. 
It must be borne in mind that temporary increases in 
plasma solid content and plasma protein concentration of 15% 
and 12%, respectively, correspond to decreases in plasma water 
of less than 2%. Such changes can be ascribed to (a) an actual 
loss of water from the plasma; (b) an increase in total circu-
lating protein; or (c) a combination of (a) and (b). In view 
of the rapidity and brevity of change the first explanation 
seems more probable. If it is further assumed that this 2% 
of p l a sma wa ter is distributed evenly to the body tissues, the 
consequent increase in tissue water would be negligible and 
undetectable by the analytical methods employed in tissue 
studies reported in this paper. The transitory na ture a nd the 
minimal magnitude of plasma water loss in hypothermia do, how-
ever, establish one point: the mark ed increases in hematocrit 
observed a t rectal temperatures of 20°0 cannot be ascribed to 
losses of plasma wa ter as such. 
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Plasma Volume 
Determinations of plasma volume were made \vi th T-1824. 
When mixing periods of forty and sixty minutes were employed 
at normal and hypothermic temperatures, respectively, the 
average plasma volume was found to be 54.5 ± 8. 4 ml. /kgm •. at 
normal temperature, and 45.5 ± 8.9 ml./kgm. at rectal tempera-
tures of 21°C to 20°0. The results of individual experiments 
are summarized in Table 4. The average response obtained with 
forty and sixty minute mixing periods was a decrease of 16% 
from the normal plasma volume, a slightly greater decrease 
than that obtained with mixing periods of ten and twenty 
minutes. 
Since in a large series of experiments plasma water 
content and plasma protein concentration are essentially nor-
mal at rectal temperatures of 21°C to 20°C, then the shrinkage 
of plasma volume which occurs at these low temperatures is due 
to a loss of '1vlhole plasma. 11 Both wa tery and solid phases 
(including protein) of 16% of the normal plasma volume are 
removed from the circulating stream in the deeply hypothermic 
state. It is possible to explain this loss by (a) escape of 
plasma to the interstitial and/or intracellular spaces; (b) 
an isolation of plasma within vessels through which circula-
tion has ceased; or (c) a loss of water with concomitant 
storage of protein. The results of measurements of thiocyan-
ate space, tissue chloride space and total tissue water tend 
to negate the first explanation. 
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Table 4. 
Percentage Change in Plasma Volume in the Hypothermic Dog 
~lixing Periods Number of Range · Average 
Minutes Experiments % :tS. E. % 
40* 0 
-16.5 and 15 to 
60** -27 ± 2.3 
10* - 5 
and 9 to -13.4 
20** -18 ± 1.3 
. 
* at normal body temperature 
** at rectal temperature of 21°-20°0 
Thiocyanate Space 
In six dogs, the average volume of distribution of 
sodium thiocyanate was 245 ± 24.4 ml./kgm. at normal body 
temperature and 203 ± 22.1 ml./kgm. at rectal temperatures 
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of 21°0 to 20°0. One will note that percentagewise, the aver-
age change in thiocyanate space and the average change in plasma 
volume in hypothermia (Table 5) are equal. A similar observa-
tion was made by Rodbard et al. (76) on hypothermic rabbits. 
The latter authors ascribed this to a clamping down of certain 
vascular beds which became inaccessible to T-1824. This clos-
ing of vessels made corresponding percentages of interstitial 
space unavailable to injected thiocyanate. However, in experi-
ments in which thiocyanate space and plasma volume were measu-
red simultaneously in the dog , percentage decreases in the two 
volumes were not always the same. It must be pointed out, on 
the other hand, tha t in these simultaneous measurements, a 
marked decrease (at least 10% of normal volumes) in either 
space was never observed in the absence of a marked decrease 
in the other. 
In terms of absolute quantities, the measured decreases 
in plasma volume and in muscle chloride space (to be considered 
next) can account for about two-thirds of the total decrease 
in thiocyanate space. If one postulates nearly complete ces-
sation of blood flow through the skin in hypothermia and conse-
quent unavailability of skin water for thiocyanate distribution, 
most of the rema ining one-third can be accounted for. The 
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Table 5. 
Percentage Change in Thiocyanate Space in the Hypothermic Dog 
Number Range Average of 't s. E. 
Experiments % % 
6 -9 to -23 -17±2.5 
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microscopic investigations of Bigelow et al. (12) of the con-
junctival vessels in deep hypothermia revealed cessation of 
flow through vessels as large as sixty micra in diameter. 
Total Water Content and Chloride Space of Tissues 
Total water content and chloride space of skeletal 
muscle, cardiac muscle and liver were measured in a group 
of normal dogs and in several groups of hypothermic dogs. 
Intracellular water ·was computed by subtracting chloride 
space from total water content. 
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The long held concept that chloride ions in rr~mmalian 
tissue are confined l a r gely or entirely to interstitial spaces 
has been repeatedly challenged in recent years (25,27,34,35). 
However, except for certain theoretical considerations and 
certain in vitro studies involving hypertonic solutions and 
high potassium chloride concentrations (13,18) there is little 
to indicate that chloride ions penetrate muscle fibers in vivo 
under conditions of physiological plasma electrolyte levels. 
Justification for the use of chloride space as an estima te of 
interstitial space in these tissues is based on the absence of 
a more accurate method applicable in this type of experiment. 
The data of Tables 6 and 7 reveal temporary increases 
in intracellular water a t the expense of the extracellular 
space in skeleta l muscle. These shifts are at least qualita-
tively simila r in the unimmersed shoulder muscle and in the 
i~mersed hind limb muscle in spite of the fact that the latter 
may be 5°0 to 10°0 colder than the former. Both shifts are 
maximal by rectal temperatures of 28°0 and are maintained with 
cooling to 20°0. The maintenance of the animal a t 20°0 or 
further cooling to 17°0 result in some reversal of the origi~ 
nal water shift directly to the plasma, since chloride space 
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Table 6: 
Water Content of Shoulder (Unimmersed) muscle in the Normothermic and 
Hypothermic Dog 
No. of . Total Water Chloride Space Intracellular Water Group Ave. ± S. D. Ave. :t: S. D. Ave. ~ S. D. Dogs gm./kgm. gm./kgm. gm./kgm. 
Control 8 767 :t 8.8 115 :1: 19.4 652 ± 19.8" 
Sacrificed 
immediately 7 763 + 12.0 88 :t 10.4* 675 ± 12.3* 
at 28°C. (-24%) (+4%) 
Sacrificed 
immed~ately 9 769 + 7.5 91 :t 15. 3* 678 :t 13. 5* 
at 20 C. (-21%) (+4%) 
' 
Held at 
20°C before 5 754 :t: 11.5 91 :t 11.9* 663 % 13.3 
sacrifice (-21%) 
Cooled to 7 751 ;t 8.2* 95 t 12.7* 656 :t 17.8 
death (-2%) (-17%) 
* Differences from control groups are statistically significant 
(random group, t test). These differences, expressed as 
percentage of control value are given in parentheses. 
' 
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Table 7. 
Water Content of Hind Limb (Immersed) Muscle in the Normothermic and 
Hypothermic Dog 
.No. of Total Water Chloride Space Intracellular Water 
1 Group Ave. :t S. D. Ave. :t S. D. Ave. ± s. D. Dogs gm./kgm. gm./kgm. gm./kgm. 
Control 8 751 ± 15.2 119 :t 18.4 632 :t 12.3 
Sacrificed 
immediately 7 753 :!: 15.3 93 :!: 16.9* 659 t 14.6* 
at 28°C (-22%) (+4%) 
Sacrificed 
immediately 9 759 + 14.4 102 :1: 12. 3* 657 ± 11.1* 
-
at 20°C._ (-14%) (+4%) 
Held at 
20°C before 5 759 ± 10.8 102 ± 19.2 657 t 23.4 
sacrifice (-14%) 
Cooled to 7 748 j; 11.4 92 ± 16.7* 654 :t 25.6 
death (-22%) 
* Differences from control groups are statistically significant 
(random group, t test). These differences, expressed as 
percentage of control value are given in parentheses. 
I 
65 
remains subnormal in volume. The transient nature of these 
shifts and their occurrence at or before 28°0 suggest that 
the causative factor is one of muscula r activity in the form 
of shivering , the pattern of which is similarly transient. 
Temporary increases in intracellular water of a similar mag-
nitude have been reported for the hypothermic rat (6). 
The data of Table 8 ind ica te that a shift of water 
i n to the cells occurs a lso in the ventricular myoca rdium. In 
this ca se, however, the phenomenon is progressive, increa sing 
as cooling proceeds to terminus. Moreover, the rise in intra-
cellula r water is not solely a t the expense of the chloride 
0 
spa ce, since the groups held a t 20 0 and cooled to death exhi-
bited increases in total water content. The nature of causa-
tive factors is not clear. 
Data concerning changes in water distribution in the 
liver of · the dog in hypothermia are conta ined in Table 9. An 
apparent shift of water into the cells was observed in those 
animals held at 20°0 and in those cooled to death. Fenn (29 ) 
showed tha t water was deposited with glycogen in the liver. 
The ratio of extracellula r water deposited with glycogen was 
smaller than the ratio already present, resulting in an _overall 
decrease in extra cellular wa ter as glycogen was deposited. One 
would, therefore, expect tha t the glycogenolysis which occurs 
in hypothermia (9) would be a ccompanied by an overall increase 
in extracellula r water. In the absence of glycogen measurements, 
liver water studies mean little. Barbour, McKay a nd Griffith 
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Table 8. 
Water Content of Cardiac Muscle in the Normothermic and Hypothermic Dog 
No. of · Total 'Vvater ChlO'ride Space Intracellular Water Group _ Ave. :t s. D. Ave. :t S. D. Ave. :t S. D. Dogs gm./kgm. gm./kgm. gm./kgm. 
Control 8 774 :1: 3.9 216 ± 16.7 558 1: 15.5 
Sacrificed 
immediately 7 771 :!: 
at 28°C_ ' 
10.8 199 ± 14.8 573 :t 13.5 
Sacrificed 
immediately 9 777 :1: 8.0 192 :!: 26.6* 584 ± 22.2* 
at 20°C_. (-11%) ( ... 5%) 
Held at 
20°C before 5 788 :t 4.8* 123 ± 9.3* 665 ! 11.7* 
sacrifice (+2%) (-43%) (+20%) 
Cooled to 7 785 :1: 5.9* ~ 143 ± 24.8* 642 ± 23.3* 
death (+2%) (-34%) (+15%) 
i 
* Differences from control group are statistically significant 
(random group, t test). These differences, expressed as 
percentage of control value are given in parentheses. 
' 
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Table 9. 
Water Content of Liver in the Normothermic and Hypothermic Dog 
No. of Total Water Chloride Space Intracellula r Space Group Ave. t s. D. Ave. ± s. D. Ave. ± S. D. Dogs gm./kgm. gm./kgm. gm./kgm. 
Control 8 701 ± 14.3 229 :!: 19.0 472 :!: 19.6 
Sacrificed 
immed~ately 7 714 ± 20.1 233 :t 19.2 481 ± 23.8 
at 28 C 
Sa crificed 
immedia tely 9 711 ± 9.2 247 .. 15.4 465 ± 22.0 
a t 20°C 
Held at 
20°C before 5 712 :!: 7.9 190 ! 20.0* 519 ± 13.3* 
sacrifice 1: (-17%) (+10%) 
Cooled to 7 710 :t 16.3 202 ~ 19.2* 508 :t 33.9* 
death (-12%) ' (+8%) 
* Differences fro m control group a re statistically significant 
{random group, t test). These differences, expressed as 
percentage of control value are given in parentheses. 
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(6) found a similar increase in intracellular water in the 
liver of hypothermic rats and attributed the increase to a 
"protective neurogenic reflex11 in response to cold exposure. 
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Red Cell Volume 
In 1942, Hahn et al. (46) demonstrated that the red 
cell volume measured by radioactive iron was 15.7% smaller 
than the red cell volume simultaneously computed from the 
measured plasma volume and hematocrit. Brilliant vital red 
dye was used in the estimation of plasma volume. The hemato-
crit was determined by centrifugation of blood withdrawn from 
the jugular vein. Assuming valid measurements of red cell 
and plasma volumes and arguing from hemodynamic principles, 
they attributed this discrepancy to an error in determining 
the true cell to plasma ratio in the body as a whole. In es-
sence, the authors contended that tne ratio of cells to plasma 
in blood drawn from large vessels is larger than the overall 
ratio of cells to plasma in the whole body. Thus computations 
of red cell volume, based on the large vessel hematocrit, will 
result in proportionate overestimates. This inaccuracy on the 
part of the large vessel hematocrit must not be confused with 
the slight error introduced by plasma trapped in the column 
of packed cells. This latter error is usually correctable by 
multiplying the observed hematocrit by 0.95 or 0.96. 
Table 10 is a summary of all reported data from the 
time of Hahn's report to date, concerning the discrepancy 
between red cell volumes simultaneously measured and computed. 
The only studies which do not reveal sizeable differences are 
those in which carbon monoxide was used in determining red cell 
volume. The chief criticism of the carbon monoxide method has 
always been its tendency to overestimate true volume because of 
Table 10. 70 
Comparison of Red Cell Volume (RCV) Measured and Computed from 
Simultaneously Measured Plasma Volume (PV) and Hematocrit 
Hct. 
Correct. Ratio 
Author Subject* No. of RCV PV Factor of RCV (Year) Exp. Method Method for Measured· 
Trapped to RCV 
Plasma Computed 
18 Hahn dog Fe Vital .95 .85 
I ( 1942) Red 
Hopper dog** 16 
(1946) 
co T-1824 .96 .93 
1 Hopper man 9 co T.;..l824 .96 .98 ( 1946) 
Root dog** 19 co T-1824 .96- .98 
. (1946) 
Root man 11 
(1946) 
co T-1824 .96 .99 
· lv'ayersen man 6 
(1948) 
P32 T-1824 .915 .97 
. • 96 
.89 
Reeve man 13 P32 T-1824 .95 .92 
(1949) 
McLain dog 14 Bleeding T-1824 none .83 
( 1951) H Hb 
Wasserman man*** 30 1'32 T-1824 none .84 
(1951) 
Gibson .. man 40 Fe T-1824 .96 .91 
(1946) 
Gibson dog 40 Fe T-1824 .96 .91 (1946) 
Gibson dog**** 8 Fe ·T-1824 .96 .77 (1946) 
Barnes man*** 12 Ashby T-1824 .95 .92 (1948) 
Barnes man 8 Ashby T-1824 .95 .94 
(1948) 
* State of all subjects normal unless otherwise indicated 
** Normal and splenectomized 
*** Patients 
**** After bleeding and transfusion · 
; 
{ 
' 
: 
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its rapid excretion and oxidation to carbon dioxide. This 
tendency may have been sufficient to nullify the discrepancy 
which would otherwise have appeared. ¥ayerson (62) based his 
computations on a hematocrit correction factor for trapped 
plasma of 0.915, which was suggested by Chapin and Ross (17). 
Inasmuch as this factor has never been substantiated and has 
not been generally accepted, the data of Mayerson were recom-
puted, using a factor of 0.96. In general, red cell volumes 
measured by a variety of methods appear to be 10% to 20% smal-
ler than red cell volumes computed from plasma volumes and 
hematocrits. 
From fourteen of the previously described plasma volume 
measurements red · cell volumes were computed as above. Calcula-
tions were based on the hematocrit of blood withdrawn from the 
common carotid artery. Computed volumes averaged 55.5 ± 14.8 
ml./kgm. at normal temperatures and 66.4 ± 20.3 at rectal tem-
peratures of 21°C to 20°C. Table 11 shows that the results of 
individual experiments ranged from -8% to +53% of the normal 
volume. The average computed change in deep hypothermia was 
t23%. 
However, in seven experiments in which red cell volumes 
were measured with radioactive phosphorous, these volumes aver-
aged 40.9 = 7.1 ml./kg. at normal body temperature and 40.1 ± 9.4 
ml./kg. in hypothermia, clearly demonstrating the absence of 
consistent volume change. Individual responses (Table 11) 
varied from -9% to t8%. If the discrepancy between measured 
and computed red cell volumes were constant at all temperatures 
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Table 11. 
Percentage Change in Red Cell Volume in the Hypothermic Dog 
Number of Range Ave. 
Experiments % ±S. E. 
Computed from 
- 8 +23 Plasma Volume 14 to 
:!:4.1 and Hematocrit +53 
Measured 7 - 9 -2.6 
Directly to 
+ 8 :t2.1 
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in a g iven dog , percentage cha nges or the l a ck of cha nge in 
hypothermi a would be equally evident from mea surements and 
computations. The data conta ined in Table 11, therefore, 
indicate that in hypothermia the discrepancy between computed 
and measured RCV becomes grea ter. Moreover, at normal tem-
pera ture the ratio of average mea sured to average computed 
red cell volume was 0.78. In hypothermi a the ratio was re-
duced to 0. 60. Correcting the observed hematocrit for trapped 
plasma by the u sual f actor of 0.96, these va lues became 0.83 
and 0.65 r e s pectively. If the discrepancy i s due to an un-
equal d istribut i on of cells between l a r ger and smaller vessels, 
a s proposed by Hahn , t hen t he greater d iscrepancy in hypothermia 
suggests a redistribution of cells and pl asma , i n which blood 
in the larger vessels becomes more concentra ted, wh ile blood 
i n the s mal l e r vessels becomes more dilute. 
SECTION VI 
GENERAL DISCUSSION 
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Tempora r y shifts of water i n t o tissue ce l ls in h y p o -
t he r ·11i a h a ve been a ttr i bu t ed 'oy others t o a r e fl ex i ncrease 
i n me t a b oli sm which is e ve n t ually d e p ressed by the cold (6) . 
The i d entifica tion of thi s refl e x with t he phenomenon of 
shiver i n g h3.s been denied a ltho ugh t he rep orted evid e n ce 
su_pporti:r:;.g thi s d e n i a l is meagre o.nd evidence i n f a v or of 
any othe r physio l o ~ i cal mechan i sm ent i rely lacking . Inc reased 
i ntracellular water i n res ponse to i n c reased ~ctivity has b een 
::! e rnonstra t ed conclusively in skel e t al muscle of the do g b y 
Barcro f t a nd 1~ato (8) , of the rat by Fenn a nd Cobb (30) a n d 
of' the ca t by Tip t on (87). I nas much as maximal shifts of 
0 
wa ter i nto skel e t a l mu sc l e c e lls occur a t or oe fore 28 C, 
t he recta l temperature at which s hiverin g i s maxima l, a casual 
r elation s hip is strongl y su g gested. Th e sl i ght lo s s of \va ter 
fr om pla s~a a t 28 °0 is pro bably part of the s a me phen omenon . 
The co mp l ete reversa l o f t h9se shift s may b e d elay ed b y 
extremely slo \'f r e moval of metabolites due to t he very slug -
g ish b lood flo F at lo ~r body temperature s (i2). Postula tion 
o f 3-ny me cha nism, other than shive ring: , to exp l a i n the se tem-
pora r y increas e s i n int r a cellular •va ter i n s ke l e t a l mu s cle 
seerr s u nnecessary . 
Th e observed red istribution o f water i n ca rdiac mu s cle 
i s l ess readily expl.:lined . The \tlO r-k out put p e r stroke and 
mi nute may be read ily c a l cula ted by a pplica tion of t he accey t e d 
f ormula 
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i n which: ~ r epresents the stroke volume , and 
R r e presents the mean a rterial pressure. 
Unde r p entotha l anesthesia a nd at normal b ody tem-
p erature the stroke volume for d og s of the vle i ght r ·:m 3e here 
employed a verages 9 ml. ( 50) a nd the arterial pressure is 
130 mm . h 3 . (53) . The work i s then 9 x 0 .13 x 13.6 = 15.9 
5 r a m me ters per strok e or 15. 9 x 150 (heart r a te ) = 2380 gr am 
me t e rs p er minu t e. At a rectal temperature of e:ooc these val ues 
a re reduced to 10 x 0 . 075 x 13 . 6 = 10. 2 gram meters per stroke 
and 10. 2 x 35 (heart rate) = 357 gram meters per minu t e . Thus 
t he work pe r stroke i s reduced by 33% and per mi nute by 8 5,% . 
If the oxys en consu mption of t he h eart i s affected p roportion-
a tely to the s ame degree as tha t of the whole ani:ns.. l, then a t 
2o oc it i s reduced by 7 5/~ (68 ). The fi gure s for work output 
per stroke suggest tha t in hypothermia the he ar t i s under 
grea ter stres s e ven after shive r i ng has c eased, a lthough, 
when calcula t ed per u n it of time t h is i s n ot appar ent. In 
the absence of d irec t measurements of card i a c oxygen consump -
tion i n hypother mi a , one cannot evaluate the de gree of card i ~ c 
stress whi ch hypothermi a may i mp o se . I n any event, the i ncrease 
i n i n tr·;tcellular water i n the h eart of t he hyp othermic d o g i s 
o f i n terest i n view of possib l e e lectrolyte cha~ges which may 
a ccompany this wa ter shift. 
The marked i nc rease i n hema tocrit, c h a r a cteristic o f 
the hy pothermic do g , appears to be due to tvw factors . The 
~reater ~art of the i nc rease i s a ttributable t o an a ctua l 
lo ss of circulating p l asm3. , without cha.nge i n circula tin g 
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r ed cell volume. The observed d ecrease in p l a sma volume 
c a n o f itself a ccount for ~n inc r ease i n hematocrit of a bout 
1 2 -yf 
- 10. The rema i nder of the hematoc.ri t increase is a pl:Ja ren tly 
a ttributable to red i stribution of cells a nd pla sm~ still 
within t he circul ~ ting stream . 
The whe reabout s of the lost p l a sma rema i nB a 1uestion . 
A t r ansfer of 1 6% of the norma l p l a s ma volume i n to the tissu -
of t h e body could ha ve easily g one unde tected i n these studies. 
Indeed , t h e magn itud e a n d V8.riab ility o f tota l tissue water i n 
the d og a re such as would require a shi f t of a t l eas t _ 30% of 
the p l a s ma i n to the tis sue spaces, i n order to re sult i n a 
s t a t i stically signi ficant increas e i n r andom group analysis. 
However, the average loss of thiocyanate s pac e which , p er-
c entagev., ise, e qu a ls the average plasma loss, cannot be ex-
p l a i ned entirely on the basis of a shi f t i n to t he c e ll s . 
Observed shifts into cells added to p l a s ma loss can a ccount 
at b e st f or on ly two-th irds of the decrease in thiocyanate 
space. Th e fate o f the r ema ind er of the lost thiocyanate 
spac e is a lso open to speculation . ~=\odbard thinks that blood 
vesse l s clamp d o wn so a s to exclude fro m circulation a certain 
p ercen t age o f t he b l ood volume and a corresp onding p ercentage 
of extrac ellula r space. Hi s hyp othesis is supported by the 
o b s e rvation that rewarming rap i d ly restores b oth p l asma volume 
~nd thiocyanate space to normal. 
The ~henomenon of redistribution of circula ting cells 
and p l a s ma , wher e b y b lood i n l arge r ve s sels becomes more con-
centra ted while blood in the smalle r ve s sels become s more 
dilute , i s i...re ll knOi·m . Gi b son &.1 a l. (38) o bserved such 
redistribution in d o g s i n shoc k , induced by a variety of 
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!=- rocedures. Ind eed, it seems to be a chara cteristic effect 
of circulatory d isorders i n which systemic f low i s rela tively 
slusgish. As a result, in such patholo g ica l states the l a r ge 
vessel hema tocrit doss not bear t he same quantit ~tive rela-
tions hip to the who l e b ody hematocrit as it does under normal 
cond i tion s . Noreover, thi s ne \v relationship i s unpredictabl ~ , 
dependin~ on the circulatory dynam i c state at t he time a t 
which measur ements are made. Thus the use of' the l arge ·vessel 
he mg, t oc r i t i n calculat i ng red cell volumes in circula tory 
states other than n orma l i s inadvi sable and may even b e d::m-
g,e rous . 
In general, the changes in water distribution ob served 
i n the hyp other mic d o g appear to b e e x plicable on the basis 
o f compensatory physiolog ical me cha nisms such as shiver ing 
a n d. i n t ense vasocons triction. :rted i s tribution of cell s and 
p l asma r e sult s f rom the slowed systemic circula tion . dith 
the p o ss i ble excep tion o f increases i n intrac ellu l a r wa t e r 
of ca r d i ac mu s cl e , the observed changes are, i n t e r ms of sur-
vival , not dramatic. 
SECTION VII 
SU~~y AND CONCLUSIONS 
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The follo vr ing invest i gations were mad e in the hypothermic 
d o g : ( A) Determination of the hema tocrit o f l a r ge ves s el 
b lood , de terminSl. tion of p lasma water content and of p l a sma 
p rotein concentration; 
( B) ~stimation of p l asma volume ; 
( C) De terminat ion o f t h iocy a nate s pa ce; 
( u ) Determin:~tion of' total wate r content and chloride 
s p a ce o f skeletal mu s cl e , cardiac mu s cle a n d. liver; 
(£ ) Estimation of red cell volume. 
The following obs e rvations we r e made: 
(A) Increases in large ve s sel h ematocrit of 18%- 25% 
o f the n ormal value were observed. . A trans ient decrease in 
p lasma lfla ter vm s obs erved at a recta l temperature of 28°0 , 
below v>h ich normal con tent was r estored . This rectal temp era-
ture corre sponds to t ha t at which shivering is near maxim~l 
in the hypothermic d og . P l a s ma p rotein concentration a l s o 
i n creased t e mporarily, the peak inc r eas e occurring a t any tem-
pera ture between 33°0 a nd 23°0. The a vera g e i ncrease in p rotein 
concentra tion a t 23° 0 agree s well f ith the average i nc r eas e i n 
p l asma s olids , computed from the p lasma water d ecrease obs e rved 
at the same rectal temp era ture . 
( E ) Fl asma volume c hanges ran ge d fro m no change to a 
A decrease o f 27 % of t he con trol volume , t he a verage chang e 
be in ~ a decrease of 16%. 
( C ) 0hanges in thiocyan a t e space rang ed fro m a d ecreas e 
of 9% to a d ecrease o f 23% of t he con trol space, t he a vera ge 
d ecrease bein~ 17~ of t he con trol s pace. 
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( D) I ntr a cellular water i n ske l e tal mus cle i nc reased 
a t the exp ense of the mu s cle ch lorid e space. This shift of 
·.·m t e r rea ched maximum a t or befo re 28 °C recta l t empera ture, 
and wa s st i l l p r esent at 20° . Hold i n[E t he a nima l a t 20°C 
or f urther c ooling re sulted in a revers~l of this shift. 
The s h ift, like that of the p l a s ma wa t e r a t 28 ° C, coincides 
i n time a n d i n r e cta l t emp erature ;.r i th the onse t, p eak and 
su b s equen t dep ress ion of s hivering . 
Intra.:: e llular wat e r i n cardi ':l c mu scle , on t he other 
h ':l nd , i n c r eased p rogr essiv e ly as the a nimal ~a s cooled to 
death . I nt r a cellula r water i n the liver a lso inc reased 
p roEr es sivel y . 
( E ) Dire ct measurement of circula tin g red c e ll vo lume 
revea l ed no cons istent cha n ge i n dee~ hyp othe r mia . Computa -
tion o f red cell volume from pla s ma volume a nd lar g e ve ssel 
h ematocrit, h owever, p redi cted increases in r ed cell volume 
a v erag i ng 23%. The d iscrepancy between measured a nd com-
puted r ed cell volumes appears to be due to a misrepresen t a -
tion o f the true cel l - p l asma ratio i n the body by the hema -
to6rit of blood wi thdrawn f rom a l a r ge v essel. 
The follo ~ing conclu s ions a r e drawn: 
(1) The p l asma , 'N"hi ch i s los t f rom t he circulation, 
i s lost as 11 vvhole p l asma . 11 Its fa t e i s not kno ;fm , a lthou g h 
transfer into the tissue seems i mp robable. 
( 2) The los s of thiocyana t e s pace i s a ttributab le i n 
part to shift s o f vJa ter into cells. The r ema i nd er of the 
d ecrease i s probably due to intense constriction in c e rtain 
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vs.sculs.r bed s making these beds and ass ociated i ntersti tia .. l 
spa c e s unavailable for d istribution of thiocya nate . 
(3) Temporary shifts of water into the cells of 
s k eletal muscle, ::1. s wel l as the temporary shift o f vra ter 
out of p l asma a t 28 ° C rectal tempera ture, are very p robably 
due to increased 1:1ork on the part of the muscle fibers in 
the form o f shivering . The causative factors involved in 
the shift of water into the cells of card i a c muscle and of 
liver are not known. 
(4) There occurs i n hyp other mia a red istri bution of 
cells and plasma in ~vhich the blood of large r vessels becomes 
more concentrated, while the blood in the smaller vessels 
becomes more dilute. Thfs redistribution increases the d is-
crep a ncy be t \•reen the larg e vessel hematocrit s.nd the hema to-
cri t of the body s. s a lvhole. Thus the large vessel herna to-
crit i s entirely unreliable in the computation of r ed cell 
volume from plasma volume. 
(5) The redistribution o f cells and p lasma to gether 
vlith the actual lo s s of p l asma i n hypothermia are respon-
sible f o r t he characteris tic mar ked increase in hematocrit 
obse rved i n the hypothermic d o g . 
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The Hypothermic Dog 
The direct effect of reduction in body temperature 
on general metabolism in the dog is one of depression. This 
is a progressive phenomenon, increasing as body temperature 
falls. However, in the early stages of hypothermia there 
simultaneously occurs in certain tissues marked increases in 
a ctivity which are reflex in nature. The overall metabolism, 
indicated by total oxygen consumption, at any g iven time in 
the cooling procedure is therefore determined by the algebraic 
sum of the effects of direct depression of some cells and of 
reflex stimulation of other cells by the cold. 
The ability of the dog to survive severe reduction in 
temperature appears to be influenced by the anesthetic agent 
under which cooling procedure is carried out. In general, 
ether (by inhalation) interferes least with respira tory and 
cardiovascular function in deep hypothermia. Of the barbi-
turates, pentobarbital seems to predispose the dog to death 
at relatively high body temperatures. 
Reduction in body temperature in the dog is character-
ized by descending narcosis of the central nervous system. 
In terms of tissue temperature, cortical, tha lamic, hypothal-
amic, medullary and finally cord functions are lost in that 
order as cooling progresses. Although external respiration 
is markedly depressed, evidence indica tes that tissues are 
adequ a tely oxygenated at very low body temperatures and tha t 
the tissues at these low tempera tures can obtain additional 
oxygen, as requ i red, by increasing the coefficient of utilization. 
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Cardiac physiology in the hypothermic dog is char-
acterized by progressive depression of both conductile and 
contractile mechanisms. In t he absence of idioventricular 
beats, myocardial weaknes s is not present. Three types of 
card iac terminal events can be descriped. Frequently, in 
the hypothermic dog a normal, relatively r ap i d sinus rhythm 
is interrupted by ectopic beats, one of which precipitates 
ventricular fibrillation. In other experiments the brady-
cardia induced by hypothermia progresses to permanent asys-
tole. In still other experiments relatively long bouts of 
asystole occur, the l a st of which is terminated by sluggish 
fibrillation. Asystole in hypothermia is probably intimately 
related to the depression of conductile and contractile mech-
anisms. Ventricular fibrillation is probably related to in-
creased myocardial excitability, present in many but not all 
experiments. It is conceivable that this - increased myocardial 
excitability is opposed to a variable extent by another factor, 
the depressing effect of the anesthetic agent employed. This 
would help to explain the differences in survival limit and 
type of dea th observed with the various anesthetic a gents. 
Water Studies in Hypothermia 
Increases in serum specific gravity and in intracellular 
water of certain tissues have been observed in the cat and in 
the rat. The early occurrence and subsequent reversal of these 
changes and their relationship to the integrity of the central 
nervous system, prompted their description as 11 reflex protec-
tive mechanisms, nervous in na ture and eventually depressed by 
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the cold.'' Identification of these reflexes with shivering 
was denied, although evidence supporting the denial is meagre 
and evidence supporting any other mechanism entirely lacking. 
In addition to these changes in plasma specific gravity and 
in intracellular water, decreases in plasma volume and thio-
cyanate space have been observed. These latter change s were 
found in hypothermic chicks and rabbits and were ascribed to 
the clamping down of vascula r beds, which consequently became 
locked out of the circulating stream and inaccessible to blood 
borne indicators. 
Experime:I];tation 
The following investigations were made in the dog at 
normal body temperature and in hypothermia: 
(A) Hematocrit of blood drawn from the carotid artery 
was determined by centrifugation in Wintrobe tubes at 3000 
revolutions per minute. Plasma' water content was determined 
by drying in an oven a~ 95°0 for forty-eight hours. Plasma 
protein concentration was determined first by the copper sul-
fate method of Moore and Van Slyke and subsequently by refrac-
tometric measurements. 
(B) Plasma volume \'las estima ted by the dilution method 
involving T-1824 (Evans Blue). 
(C) Thiocyanate spa ce was measured by the dilution 
technique. 
(D) Total water content of skeletal muscle, cardiac 
muscle and liver was determined by drying as in (A). The chlo-
ride content of these tissues was measured by the open Carius 
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method. From these measurements chloride space and intra-
cellular water were computed. 
(E) Circulating red cell volume was estimated by the 
dilution of injected cells tagged with radioactive phosphorous. 
The following observations Vfere made: 
(A) Increases in l a r ge vessel hematocrit of 18% to 25% 
of the normal value were observed. A transient decrea se in 
plasma water was observed at a recta l temperature of 28°C, below 
which normal content was restored. This rectal temperature 
corresponds to that at which shivering is near maximal in the 
hypothermic dog. Plasma protein concentration also increased 
temporarily, the peak increase occurring at any temperature 
betw·een 33°C and 23°C. The average increase in plasma protein 
concentration at 28°0 agrees quite well with the average in-
crea se in plasma solids, computed from the plasma water de-
crease observed at the same rectal temperature. 
(B) Plasma volume changes ranged from no change to a 
decrease of 27% of the control volume, the average change being 
a decrease of 16%. 
(C) Changes in thiocyanate space ranged from a decrease 
of 9% to a decrease of 23% of the control space, the average 
decrease being 17% of the control space. 
(D) Intracellular water in skeletal muscle increased 
at the expense of the muscle chloride space. This shift of 
water reached maximum at or before 28°C rectal temperature and 
0 0 
was still present at 20 C. Holding the animal at 20 C or fur-
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ther cooling resulted in a reversal of this shift. The shift, 
like that of the plasma \.Yater at 28°0, coincides in time and 
in rectal temperature with the onset, peak and subsequent 
depression of shivering . 
Intracellular water in cardiac muscle, on the other 
hand, increa sed progressively as the anima l was cooled to 
death. Intracellular water in the liver also increased pro-
gressively. 
(E) Direct measurement of circula ting red cell volume 
revea led no consistent change in deep hypothermia. Computation 
of red cell volume from plasma volume and l a rge vessel hemato-
crit, however, predicted increases in red cell volume averag ing 
23%. The discrepancy between measured and computed red cell 
volumes a ppears to be due to a misrepresentation of the true 
cell-plasma ratio in the body by the hematocrit of blood with-
dravm from a large vessel. 
The following conclusions are drawn: 
(1) The plasma, which is lost from the circula tion, is 
lost as 11 \vhole plasma. 11 Its fate is not known, although trans-
fer into the tissues seems improbable. 
(2) The loss of thiocyana te space is attributable in 
part to shifts of water into cells. The rema inder of the de-
crease is probably due to intense constriction in certain vas-
cular beds making these beds and associated interstitial spaces 
unavailable for distribution of thiocyana te. 
(3) Temporary shifts of water into the cells of skele-
tal muscle, as well a s the temporary shift of water out of 
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plasma at 28°0 rectal temperature, are very probably due to 
increased work on the part of the muscle fibers in the form 
of shivering. The causative factors involved in the shift 
of water into the cells of cardiac muscle a nd of liver are 
not known. 
(4) There seems to occur in hypothermia a redistribu-
tion of cells and plasma in which the blood of larger vessels 
becomes more concentrated, while the blood in the smaller ves-
sels becomes more dilute. This redistribution increases the 
discrepancy between the large vessel hematocrit and the hema-
tocrit of the body as a whole. Thus the large vessel hemato-
crit is entirely unreliable in the computation of red cell 
volume from plasma volume. 
(5) The redistribution of cells and plasma together 
with the actual loss of plasma in hypothermia are responsible 
for the characteristic marked increases in hematocrit observed 
in the hypothermic dog. 
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